The Hydrogen South Africa (HySA) minerals'; (ii) ways of harnessing South Africa's mineral endowments to promote both the hydrogen economy and renewable energy use; and (iii) seeking the most cost-effective and sustainable ways of incorporating pgm-based components in hydrogen fuel cell and other technologies, in turn resulting in commercialisation ventures and a viable industry around mineral benefi ciation.
The principal strategy of HySA is to execute research and development (R&D) work, with the main aim of achieving an ambitious 25% share of the global hydrogen and fuel cell market using novel pgm catalysts, components and systems, since South Africa has more than 75% of the world's known pgm reserves. In order to achieve this, the structure is aimed at the parallel development of knowledge and technology across all areas of the hydrogen and fuel cell value chain, allowing for the establishment of a strong R&D hydrogen and fuel cell technology, and exporting added value pgm materials, components and complete products. The fi rst fi ve years of funding focused on developing infrastructures at each centre with a major emphasis upon human capacity development. Relevant international expertise was recruited by each centre to access technical support and well-established implementation networks and to ensure the programme and its deliverables remain market related and world-class. Collaborations with institutions and partners from R&D, academia and industry are underway (1, 2) .
There are a number of Key Programmes (fi ve in total) including CHP and HFVs, among others. This article focuses on a selection of projects involving pgms, including MEA development, stack design, and the storage and purifi cation of hydrogen.
Combined Heat and Power
Fuel cell based CHP systems have entered early commercialisation recently and are being deployed in thousands in Japan (Ene-Farm) and Europe (Ene.Field, Callux). In Japan, 34,000 units were installed at the end of 2012 and the objective is to have over 5 million units installed by 2030. Most of the CHP systems deployed so far are based on low-temperature PEMFC (LT-PEMFC).
HySA Systems, however, is focusing on HT-PEMFC based CHP systems in the range 1-2 kW el , fuelled by natural gas. Although the electrical effi ciency of HT-PEMFC is lower than that of LT-PEMFC, the overall effi ciency (electricity + heat) is higher for HT-PEMFC based CHP systems. Moreover, HT-PEMFC can tolerate carbon monoxide poisoning better than LT-PEMFC and does not require a complex water management system, making HT-PEMFC ideal for CHP applications. The main scope is to develop internationally competitive components, specifi cally MEAs and stacks for the CHP market, however, there is also a concerted effort to develop systems in the above specifi ed range. The block diagram of the CHP system being developed is provided in Figure 1 . 
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Fig. 1. Block diagram of the HT-PEMFC based CHP system
The red blocks show the core R&D areas carried out by HySA and the yellow block shows the level of system integration that is currently being carried out at the centre. HySA Systems has successfully completed a breadboard CHP test bench in collaboration with Zentrum für Sonnenenergie-und WasserstoffForschung (ZSW, the German Centre for Solar Energy and Hydrogen Research), and is validating various HT-PEMFC stacks in this confi guration. Currently the efforts are targeted at the integration of a natural gas reformer with the breadboard system, to study and analyse the operation of the system at various operating strategies and conditions. The plan is to integrate a 1 kW el CHP system by 2014 and then to introduce locally produced components including the reformer and fuel cell catalysts from HySA Catalysis. HySA Systems is collaborating and also extending collaboration with various other institutions and companies, locally and overseas, to realise the objective of this programme.
Hydrogen Fuelled Vehicle
The scope of this HySA Key Programme is to develop and integrate systems and modules that can be used in niche fuel cell vehicles, based on HySA technologies. This includes on-board hydrogen storage (including metal hydrides), the fuel cell system (the fuel cell stack and its controller), power electronics and the Li-ion battery system. Through a modular design and standardised interfaces the 'HySA Power Module' will be designed so that it can be retro-fi tted into existing small battery-powered vehicles with minimal changes to the vehicle itself.
Research and Development and Key Technologies
High Temperature Membrane Electrode Assembly
MEAs are the core of fuel cells and detailed understanding of the phenomena within the MEA is necessary to improve the durability and reduce the overall cost of the fuel cell. Although extensive research and development has already been carried out in LT-PEMFC MEAs, HT-MEA is relatively new. HT-PEMFCs are gaining momentum with the number of publications nearly doubled in 2012 (~1100) as compared to fi ve years ago (~650). Most of the R&D is dedicated to the development of the PEM, although efforts are also made to develop suitable catalysts and gas diffusion electrodes. Some of the R&D areas focus on: ( Figure 2) . The main reason for the performance was found to be the preparation conditions of the MEA and is reported elsewhere (3). Another crucial factor for the MEA, apart from the performance, is its durability under standard operating conditions. A short term durability test was performed on the MEA at 160ºC with H 2 /air and a constant load of 0.2 A cm -2 , Figure 3 . The cell voltage reached a steady state within 4 h of operation and was found to be stable for a period of about 100 h. Following this, intermittent operation of the fuel cell was carried out to mimic 'real' operating conditions, with cooling to room temperature while shutting down. During this study for about 275 h operation, no appreciable degradation was noticed. Focused efforts are also targeted at improving and optimising the GDEs. Various binders, proton conductors and acid controlling layers are currently being studied and the effect of the various binders on the performance of the MEA was investigated (4). . As expected, Nafi on ® was found to be unsuitable for HT-MEAs, obviously due to its proton conductivity limitations at the operation conditions of 160ºC. PVDF was found to be a better binder at low current densities, whereas PTFE was found to be suitable for high current densities.
Other MEA fabrication methods are also being studied including the CCM and EPD methods. Recently some promising results have been obtained with the EPD method (5) and further studies are currently being carried out in this area. HySA Systems have also set up a pilot-scale MEA manufacturing line and the components and operation are currently being optimised.
High Temperature Proton Exchange Membrane Fuel Cell
HT-PEMFC technology has been under fast and intensive development for the past two decades and is currently becoming an attractive alternative to conventional perfl uorosulfonic acid (PFSA)-membrane based LT-PEMFC technology. The developed materials and components exhibit performances that would allow commercialisation (6) . The high operation temperature of HT-PEMFC at 150ºC-180ºC leads to some of the key advantages of the technology over LT-PEMFC. The main advantage is tolerance to CO in the anode gas supply which enables supply with reformate gas without the need for a complex purifi cation process. Tolerance of up to 5% CO in the anode supply gas was reported for a single HT-PEM cell (7) . Secondly, the high operating temperature and temperature difference simplifi es the heat management system thus the electrically generated waste heat can be effi ciently removed and captured. Finally, the membrane conduction mechanism which is not dependent on humidity or water content but on phosphoric acid doping level simplifi es the water management system and eliminates the need for the supplied reactants to be humidifi ed (8) . These properties enable the design of simple fuel cell systems, especially for small-scale power generation supplied with reformate fuel.
In the fi eld of HT-PEM fuel cell technology HySA Systems focuses on R&D, technology development and applications. The main objective is to integrate and validate complete CHP systems. To achieve this goal the conducted work is divided into three main streams: (i) HT-PEMFC stack development, (ii) HT-PEMFC stack validation and characterisation and (iii) HT-PEMFC stack applications, focused mainly but not only on stationary applications.
Stack Development
Proper thermal management of the HT-PEMFC stack is a crucial issue. A steady temperature has to be maintained because degradation processes are strongly temperature dependent (9) . Water cannot be used as a cooling medium due to the high operating temperature. For this reason, alternative stack cooling strategies have to be developed and suitable thermally conductive fl uids have to be used. Externally oilcooled stack design is one of the possible options for HT-PEMFC stack cooling that ensures a long lifetime (10) . The design has been developed by ZSW and HySA Systems produces the stacks for laboratory testing and validation. The production of graphite bipolar plates requires high precision tooling as the tolerances of machining are in the micrometre range. To meet all the requirements of stack component production, a high precision micro milling computer numerical control (CNC) machine, KERN Evo-765, is available at the HySA Systems laboratory together with a three-dimensional (3D) laser scanner, GOM ATOS II Triple Scan System. Together these are used for the manufacturing and quality validation of the stack components.
In 2012, a 96-cell 2 kW el HT-PEMFC stack was manufactured in South Africa in HySA Systems labs (Figures 5(a) and 5(b) ). The South African HT-PEMFC stack has been integrated within a CHP prototype breadboard system (Figure 5(c) ) and tested. The test was performed at 160ºC, atmospheric pressure, pure hydrogen and air conditions; the polarisation curve of the stack measured during the test is shown in Figure  5(d) . A peak power of 2.2 kW el was measured at 0.4 A cm -2 . Further testing includes operation on reformate and long term steady-state will be performed to validate the quality of the product. HySA 
. Polarisation curves of the MEAs based on PB-doped AB-PBI with GDEs prepared with different binders
Systems R&D work in the fi eld of HT-PEMFC stack will also focus on the development of stack design up to 1 kW el power.
Stack Validation and Characterisation
The fuel cell stack is the key component of every fuel cell system, its performance, effi ciency and lifetime depends strongly on operating conditions. At HySA Systems commercial and in-house built stacks are being tested and their performances are measured at a wide range of operating conditions. Testing and validation of HT-PEMFC stacks is performed with the aid of commercially available testing stations. The characterisation of stack units up to 5 kW el can be performed. Short stacks up to 200 W el are being tested with the use of in-house testing setups. The electrochemical impedance spectroscopy (EIS) method is employed to investigate electrochemical processes that take place during the stack operation. Short 5-cell stacks have been assembled and validated. , at 160ºC and at 0.4 A cm -2 measured using pure hydrogen.
The stack showed a reasonable CO tolerance of up to 0.5% CO at 160ºC. A more detailed description of the results of stack testing has been reported and is available elsewhere (11) . The stack will be further characterised and long term stability operation and voltage degradation rate will be studied.
Stack Applications
The advantages of HT-PEMFC make the technology attractive for stationary applications. A very promising area is natural gas supplied CHP systems in which the reformer is integrated as a fuel processor. To investigate the possibilities of HT-PEMFC applications in a CHP system, a 2 kW el CHP prototype breadboard system designed in cooperation with ZSW has been installed and tested at HySA Systems (Figure 6) . The system has been validated at various operating conditions. Figure 7 shows an example of results obtained at different operating temperatures. The highest power density of 0.22 W cm -2 was measured at 160ºC, +0.5 V mean cell voltage and 0.45 A cm -2 .
As can be observed, the operating temperature has a signifi cant infl uence on the stack performance and the increase in temperature from 120ºC to 160ºC results in a power gain of almost 10%. Operation at high current densities at low temperature is not possible because the cell voltage drops below the safe operation level. The stack was also tested at different carbon dioxide concentrations and no signifi cant decrease in performance was observed at CO 2 concentrations up to 20%. A thorough characterisation of the 2 kW CHP test-rig with CO and simulated reformate gas will be performed and a FLOX ® reformer will be integrated. 
Solid State Hydrogen Storage and Related Applications
Metal Hydrides
Hydrogen storage materials based on reversible metallic hydrides have found a number of promising applications in processes of considerable economic potential, such as hydrogen storage, separation and recovery, thermally-driven compressors, heat Anode: pure H 2 , utilisation = 80%, P abs = 1 bar, dry Cathode: air, utilisation = 45%, P abs = 1 bar, dry / U/P; 160ºC / U/P; 140ºC / U/P; 120ºC The selectivity of reversible hydrogen interaction with hydride-forming materials allows for the development of simple and efficient pressure or temperature swing absorption-desorption systems for hydrogen separation from complex gas mixtures and its fine purification (12, 13). However, so far, this approach has been successfully implemented only for hydrogen-rich feed gases (vent streams in the ammonia synthesis loop, H 2 >50%) which contain relatively innocuous admixtures, mainly nitrogen and argon (14) . At the same time, the gases associated with processing coal, petrol, natural gas and other carbonaceous fossil fuel feedstock, in addition to hydrogen, may contain significant amounts of other components, mainly CO 2 and CO, which in most cases cause the deterioration of hydrogen sorption performances of metal hydrides (15) . The poisoning tolerance of hydride-forming materials can be improved by modifying their surface. The existing surface modification methods use two approaches, the first of which is aimed at the improvement of surface catalytic activity while the second protects the surface from an impurity attack by the creation of protective coatings permeable for hydrogen but not permeable for the impurity species (16) .
Surface modifi cation with a pgm such as Pd has been shown to signifi cantly improve hydrogen sorption kinetics and poisoning tolerance. Pre-functionalisation of the metal hydride substrate with water-soluble aminosilanes facilitates the electroless deposition of pgm resulting in denser and more uniform coatings than conventional deposition techniques. The improvements have been found to be due to chemical bonding between the pgm nuclei and surface oxygen, via functional groups formed from aminosilane molecules (16, 17) .
AB 5 -type material surface modifi ed by fl uorination and Pd electroless deposition (18, 19) were found to have good poisoning tolerances (Figure 8) , even for large (~1.5 kg) batches. The feasibility of their application for H 2 separation from gas mixtures (up to 30% CO 2 and 100 ppm CO) was demonstrated by testing a prototype H 2 separation system. The H 2 separation was characterised by stable performances during hundreds of absorption/ desorption cycles (20, 21).
Metal Organic Frameworks
MOFs are crystalline coordination materials attractive for their microporous channels (<2 nm) and high specifi c surface areas (for example, 3500 m 2 g -1 for MOF-5), which can be signifi cantly greater than that Rate, cm exhibited by zeolitic materials, and their subsequent high hydrogen storage capacities (22) . They are constituted of divalent or trivalent metal ion centres connected by large organic linkers. A multitude of MOF structures exist, and their framework topology, pore size and surface area can be tailored simply by the exchange of linker groups or molecular bridges in the synthesis stage (23) . The materials typically contain microporous networks, with microcavity diameters known to range from 10 Å -13 Å. The materials are typically prepared through a solvothermal route, in which the metal ion precursor and molecular ligand are incubated under mild thermal conditions. However, attractive storage capacities are only achieved under energy-intensive cryogenic conditions. Applications of these materials for ambient temperature absorption of hydrogen proved ineffective, with IRMOF-8 exhibiting <2.0 wt% at 298 K and 10 bar H 2 , thus failing to meet US DOE targets (24) . This drastic decrease in the hydrogen storage capacities of MOFs is a direct result of the decrease in the binding energy between hydrogen molecules and the MOF surface.
HySA Systems R&D has been focused on both the synthesis of MOF materials exhibiting high specifi c surface area and the post-synthetic pgm treatment of these materials in order to facilitate high hydrogen storage capacities under ambient conditions of temperature and pressure (25) . Syntheses of materials have been centred on the preparation of MOF-5, MOF-177 and IRMOF-8. Our post-synthetic treatment of the MOF materials has been dedicated towards catalytic additions to the MOF materials to make them suitable for room temperature adsorption of hydrogen for on-board storage systems of fuel cell electric vehicles (FCEVs). This is achieved through consideration of the 'hydrogen spillover' phenomenon, which has the potential to increase room temperature hydrogen adsorption properties of adsorptive materials. Pt catalysts are known to promote the hydrogen spillover effect and when supported onto high surface area materials, such as activated carbon (AC), has the potential to enhance the hydrogen storage capacity of the MOF materials (26) . During the hydrogen spillover phenomenon, Pt catalytic particles cleave the bond in the dihydrogen (H 2 ) molecule leading to dissociation and generation of hydrogen 'atoms' (Figure 9) . The H atoms then migrate to a substrate material where they can be used for various surface processes or spillover again to a secondary receptor (27) . In these types of composite hydrogen storage materials, AC could be considered a primary hydrogen atom receptor, after the dissociation of H 2 by the Pt nanoparticles, with the MOF as a secondary receptor eventually storing the H atoms in its microstructure (28) .
The Pt-AC material can be prepared via a chemical reduction method or can be purchased as a fuel cell catalytic material with various metal loadings available. Further bridging of MOF with the Pt/AC materials can be enhanced by the carbonisation of simple sugars (for example, sucrose, fructose, glucose) and this has been demonstrated to signifi cantly enhance hydrogen storage capacities (29) . The enhancement is a direct result of an increase in the binding energy from 9.65 kJ mol -1 for unmodifi ed IRMOF-8 to 21.7 kJ mol -1 for H on the 'bridge' site of IRMOF modifi ed with Pt/AC and sucrose. The catalytic particles can be deposited onto high-surface-area MOF receptors, for hydrogen storage by spillover, either by physically mixing the MOF material with a supported metal catalyst (such as Pt/AC) or by introducing the metal onto the receptor through chemical doping. In both cases, additional bridging between catalytic particles is needed for further enhancement of hydrogen spillover processes for room temperature hydrogen adsorption (30). However, it was observed that reproducibility of H 2 spill-over storage on the bridged MOF samples is very diffi cult to bring into 
Palladium-based Membrane for Hydrogen Purifi cation
Roughly 96% of the global annual demand for H 2 is currently derived from fossil based fuels using reforming processes. The reformation reaction product stream is typically a mixture of H 2 , CO, CO 2 and methane of which the composition is controlled by reaction equilibria. Major capital investment is required to increase the H 2 yield and to separate the H 2 from the reaction mixture to produce fuel cell grade H 2 . The commonly applied process to convert high concentrations of CO with steam (H 2 O) into CO 2 and H 2 is known as the high temperature water gas shift (HTWGS) process which is typically followed by a low temperature water gas shift (LTWGS) to reduce the CO levels in the product gas stream below 1000 ppm. Downstream of the LTWGS a pressure swing adsorption (PSA) system is needed to separate the H 2 from the CO 2 and traces of other gases. Needless to say, the CO conversion and gas purifi cation cost greatly impact the cost of fuel cell grade H 2 .
Continuous fi lms of Pd material are known for their exceptionally high selectivity towards H 2 . So called 'Pd membrane reactors' have these fi lms applied in close proximity to the reforming catalyst enabling H 2 to be removed from the reaction zone, allowing a continuous shift of the reforming and WGS reaction equilibrium resulting in signifi cantly higher H 2 production yield. With the use of Pd-based membranes, fuel cell grade H 2 can be produced without the need for HTWGS, LTWGS or PSA technology, offering a great cost reduction potential. The production of Pd fi lms is rather challenging as a successful membrane must not exhibit any defects (to ensure high H 2 selectivity), must preferably be less than 5 μm in thickness (to show suffi cient permeance) and fi nally should exhibit both the mechanical and thermal stability needed to survive the harsh gas reforming environment during its operational lifetime.
HySA Systems R&D has been focused on the following:  Membrane support synthesis. The support material forms the foundation for the membrane and needs to form a smooth surface that is mechanically and chemically stable in a reducing environment up to 600ºC. In order to achieve a highly permeable support structure with high packing density, phase inversion technology is used to produce thin asymmetric zirconium dioxide hollow fi bre supports. The production system and SEM images of hollow fi bres with the desired 'sponge like structure' are depicted in Figure 10 .  Investigation of the most effective seeding procedure of hollow fibres. Commonly applied seeding procedures are typically repeated ten times to form a sufficient number of seeds well distributed over the surface of Figure 11 shows that the seed formation has a great impact on the formation of the film.  Development of the plating procedure. After a large number of nanoseeds not contaminated with highly mobile metals such as tin are deposited on a smooth surface of ZrO 2 in a well dispersed manner, a coalescence fi lm can be produced. Results related to the membrane selectivity and permeance are currently being collected.
Publications and Patents
HySA Systems has been active in disseminating their work in high impact journals (Figure 12 ) and innovating. For example, since 2008 two major patents have been generated by the Centre (32, 33).
Conclusions
This limited review has only been able to cover the major steps in pgm benefi ciation work -there is much other work that is outside the scope of the present Journal. Nevertheless it can be stated that HySA Systems is delivering successfully in all of its remitted areas. From 2013 onwards, a large emphasis has been on implementing and advancing R&D vehicular system integration and broadening systems engineering activities to improve HySA technology maturity and commercialisation. In areas from CHP to HFV, developments in the HT-MEA technology and stack design are making progress towards allowing a simplifi ed design of fuel cell systems especially suitable for small scale applications. Improved hydrogen storage and purifi cation, based on pgm technologies, will also enable the cost of H 2 fuel to be reduced. Work is ongoing in all these areas. modifi ed metal hydride, hollow fi bres synthesis and their application for hydrogen separation and purifi cation, as well as the development of metal hydride compressors were supported by Eskom Holdings Limited (South Africa). The activities on metal hydride hydrogen storage and refuelling systems for utility vehicles were also supported by Impala Platinum Limited (South Africa). Investments from these industrial funders have been leveraged through the Technology and Human Resources for 
